Dissection of cardiomyocyte differentiation process at the cellular level is indispensable in the research for cardiac development and regeneration. Previously, we have established an embryonic stem cell differentiation system that reproduces early vascular development from progenitor cells that express Flk1, a vascular endothelial growth factor receptor, by the combinatory application of 2-dimensional culture and flowcytometry. Here we show that cardiomyocytes can be successfully induced from a single Flk1 + cell on 2-dimensional culture, enabling the direct observation of differentiating cardiomyocytes and the prospective identification of cardiac progenitor potentials. Flk1 + cells could give rise to cardiomyocytes, as well as endothelial cells, from a single cell by the co-culture on OP9 stroma cells in a fusion-independent manner. Among the cell populations in intermediate stages from Flk1 + cells to cardiomyocytes, Flk1 + /CXCR4 + /vascular endothelial cadherin -cells were cardiac-specific progenitors at the single cell level. Noggin, a bone morphogenetic protein inhibitor, abolished cardiomyocyte differentiation by inhibiting the cardiac progenitor induction. However, wnt inhibitors Dkk-1 or Frizzled-8/Fc chimeric protein augmented, but wnt3a inhibited, cardiomyocyte differentiation. In vitro reproduction of cardiomyocyte differentiation process should be a potent tool for the cellular and molecular elucidation of cardiac development, which would provide various targets for cardiac regeneration.
materials for developmental research. ES cell differentiation has been usually performed by the embryoid body (EB) method. Various kinds of cells, including spontaneously beating cardiomyocytes, are induced in EBs, which are aggregates of ES cells. Nevertheless, their differentiation mechanisms and processes are largely unknown. As differentiation in EBs always occurs within the cell mass, it is impossible to prospectively identify the cells that differentiate into cardiomyocytes and is difficult to trace and analyze the cellular and molecular process of differentiation especially at the single cell level. Though somatic cells such as bone marrow cells and, more recently, cells from cardiac tissues, are also highlighted as a source of cardiomyocytes, their precise origin, differentiation process, and mechanisms are still unclear (9, 10) .
Previously, we have established a novel ES cell in vitro differentiation system for blood vessels in a 2-dimensional (2-D) culture devoid of EB formation. Flk1, one of the vascular endothelial growth factor (VEGF) receptors, is the earliest differentiation marker for endothelial cells and blood cells, and a marker for lateral plate mesoderm (11, 12) . We induced Flk1 + mesoderm cells from ES cells, purified them by fluorescence activated cell sorting (FACS), and re-cultured the purified cells (13) . Both endothelial cells and mural cells (vascular smooth muscle cells and pericytes in vascular wall) could be differentiated from Flk1 + cells at the single cell level, and mature vascular structure could be formed both in vitro and in vivo (14) . In this system, we can systematically induce vascular cells from common progenitors and reproduce the early process of vascular development in vitro. This system is amenable to collect cells at various intermediate differentiation stages, and trace the differentiation process at the cellular level (15) . Cardiomyocytes, which arise from anterior lateral plate mesoderm (16) , are another candidate to be induced from Flk1 + mesoderm cells using similar system.
In the present study, to elucidate cardiomyocyte differentiation mechanisms and explore novel cardiac regeneration strategies, we developed a novel cardiomyocyte induction method in 2-dimensional, single cell-based manner. As a result, we succeeded in the direct observation of cardiomyocyte differentiation process and the prospective identification of cells with a cardiac progenitor potential at the single cell level. Our study provides a novel methodology to investigate the cellular and molecular mechanisms of cardiomyocyte differentiation providing novel therapeutic targets for cardiac regeneration.
MATERIALS AND METHODS

Antibodies
Monoclonal antibodies (MoAbs) for murine E-cadhein (ECCD2) (17) , murine Flk1 (AVAS12) (12) , and murine vascular endothelial (VE)-cadherin (VECD1) (18) were prepared and labeled in our laboratory as described previously (13, 14) . MoAbs for murine CD31 (Mec13.3), Phycoerythrin (PE)-conjugated MoAb for CXCR4 (2B11), sca-1 (D7), CD44 (Pgp-1), and CD90 (Thy1.2) were purchased from Pharmingen (San Diego, CA). PE-conjugated MoAb for c-kit was from e-Bioscience (San Diego, CA). MoAb for cardiac troponin-T (cTnT) was purchased from NeoMarkers (Fremont, CA), MoAb for connexin43 and rabbit polyclonal Ab (pAb) for atrial natriuretic peptide (ANP) were from Chemicon (Temecula, CA), MoAb for ventricular myosin was from Alexis (San Diego, CA). Goat pAb for GATA-4 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit pAb for Nkx2.5 (19) was a generous gift from S. Izumo (Beth Israel Deaconess Medical Center, Boston, MA). Rabbit pAb for hyperpolarization-activated and cyclic nucleotide-gated cation channel (HCN)-4 and connexin40 (mid) were from Alomone (Jerusalem, Israel), and Zymed Laboratories (San Francisco, CA), respectively.
Reagents
Human fibroblast growth factor (FGF)-2, bone morphogenetic protein (BMP)-2, and -4, Dkk-1, mouse stromal cell-derived factor (SDF)-1α, wnt3a, cripto, Noggin/Fc chimera, and Frizzled-8/Fc chimera were purchased from R&D Systems (Minneapolis, MN). Recombinant human insulin-like growth factor (IGF)-1 was purchased from PeproTech (Rocky Hill, NJ). Dimethyl sulfoxide (DMSO) was from Nacalai Tesque (Kyoto, Japan). Ascorbic acid, retinoic acid, and PKH67 fluorescent dye were purchased from Sigma (St. Louis, MO). CXCR4 inhibitor, T140, was a generous gift from N. Fujii (Kyoto University, Japan).
Cell culture
EB5, a subline derived from E14tg2a ES cell line, was a generous gift from H. Niwa (Center for Developmental Biology, RIKEN, Japan). In EB5 cells, Aspergillus blasticidin S deamininas gene was knocked into a single allele of Oct3/4 gene to eliminate differentiated cells with blasticidin S chloride. EB5 cells were maintained as described (20) . EMG7 ES cells were generated by introduction of α-myosin heavy chain (MHC) promoter (21)(generous gift from J. Robbins)-driven EGFP gene to EB5 ES cells. αMHC promoter fragment (EcoRI-SalI), including -602 bases of promoter region was subcloned into the appropriate multiple cloning site of pEGFP-1 plasmid (BD Bioscience Clontech, Franklin lakes, NJ) carrying EGFP gene and neomycin resistant gene. αMHC promoter/EGFP plasmid was transfected into EB5 cells and selected by 200μg/ml G418. EMG7 was maintained in EB5 maintenance condition with 200 μg/ml G418.
OP9 stroma cells, established from mouse calvaria, were maintained as described (22) . As the cardiomyocyte induction ability was different among OP9 sublines, we examined several lines of OP9 and chose an OP9 subline that revealed an efficient cardiomyocyte induction. Stromal cell lines, PA6 and ST2 cells were cultured as described previously (23, 24) .
Induction of cardiomyocyte differentiation
Induction of Flk1
+ cells and sorting for Flk1 + cells were performed as described (13, 14) . Undifferentiated ES cells were cultured in differentiation medium (α minimum essential medium (GIBCO, Grand Island, NY) supplemented with 10% fetal calf serum (FCS), and 5 × 10 -5 mol/l 2-mercaptoethanol) on type IV collagen-coated dishes at cell density 1-1. cardiomyocytes were plated onto type I-A collagen gel (Nitta Gelatin, Osaka, Japan) for the observation of spontaneous contraction or electrophysiological study.
Cell dissociation from embryos
Cell dissociation from embryos was performed as described (13) . Pregnant ICR mice (7.5 days postcoitum) were purchased from Shimizu Co Ltd. (Kyoto, Japan). Whole embryos and yolk sacs at 8.0-8.25 d.p.c were isolated and pooled. The pooled embryos and yolk sacs were incubated in dispase II (Roche Diagnostics, Mannheim, Germany) at 37°C for 20 min. Cell clump was washed and further dissociated by incubation in cell dissociation buffer (GIBCO) at 37°C for 20 min. Finally, single-cell suspension was prepared by gentle pipetting.
Flowcytometry and cell sorting
FACS of ES cells was performed as described previously (13, 14 
Immunohistochemistry
Staining of culture cells on dishes was performed as described previously (14, 25) . For double immunostaining for CD31 and cTnT, cultured Flk1 + cells were fixed by 5% dimethyl sulfoxide (Nacalai Tesque) in methanol for 10 min on ice. Cells were stained with a mixture of anti-CD31 Ab (1:300) and anti-cTnT (1:2000) followed by alkaline phosphatase (ALP)-conjugated anti-rat IgG (H + L) (1:200) (Jackson Immuno Research Laboratories, West Grove, PA) and horseradish peroxidase (HRP)-conjugated anti-mouse IgG (1:200) (BIOSOURCE International, Camarillo, CA). For immunofluorescent staining, primary Abs were followed by Alexa Fluor488 or 567-conjugated secondary Abs (1:500) (Molecular Probes, Eugene, OR). Cells were fixed with 5% dimethyl sulfoxide in methanol for connexin43, 40, and HCN4 staining, and with 4% PFA for ventricular myosin, ANP, GATA-4, and Nkx2.5 staining. Concentrations of first antibodies were as follows: connexin43 (1:50), connexin40 (1:200), HCN4 (1:200), ventricular myosin (1:10), ANP (1:100), GATA4 (1:100), and Nkx2.5 (1:300). Stained cells were photographed with inverted fluorescent microscopy, Eclipse TE2000-U (Nikon, Tokyo, Japan) and digital camera system, AxioCam HRc (Carl Zeiss, Germany). Images were imported into Adobe Photoshop as jpeg files for figure assembly.
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Quantification of cardiomyocyte differentiation
Cardiomyocyte differentiation was quantitatively evaluated by fluorescent intensity of cTnT staining using Alexa Fluor 488. Images of stained cells were captured with digital CCD camera, Cool SNAP-HQ (Roper, Atlanta, GA), and calculated with a image informatics software, Image-Pro Plus (Media Cybernetics, Silver Spring, MD). Nineteen vision fields of ×40 magnification in every well of a 24-well plate were automatically selected with motorized X-Y stage, ProScan Stages (Planetron, Tokyo, Japan), equipped on inverted fluorescent microscopy controlled by Stage-Pro module of Image-Pro Plus (Media Cybernetics). Summation of total fluorescent intensity from 19 vision fields was defined as amount of cardiomyocytes that appeared.
Electrophysiological study
GFP-positive cardiomyocytes were collected by FACS, and re-cultured on glass strips coated with type I collagen. The glass strips were transferred to the recording chamber immediately before use. The myocytes were perfused with control bathing solution containing (mM) NaCl 140, NaH 2 PO 4 0.33, KCl 5.4, MgCl 2 0.5, CaCl 2 1.8, glucose 5, and hydroxyethyl piperazinyl ethanesulfonic acid (HEPES) 5 (pH=7.4 with NaOH). Whole cell patch clamp experiments were performed using an Axopatch 200B amplifier. The resistance of the electrode was 5-7 MΩ when filled with standard internal solution containing KCl 140, K 2 ATP 5, Na 2 Creatine phosphate 5, EGTA 5, and HEPES 5 (pH=7.2 with KOH). After the formation of giga ohm seal (>3 GΩ), ruptured whole cell patch configuration was established. The input capacitance of myocytes was determined by integrating capacitive current at the onset of a voltage jump. Approximately 70% of the series resistance was corrected. The experiments were performed at 33-35°C.
RT-PCR
Total RNA was isolated from various kinds of cell populations by using RNeasy Mini or Micro Kit (QIAGEN, Valencia, CA). cDNA was synthesized by SuperScript III First-strand Synthesis System (Invitrogen, Carlsbad, CA). PCR reaction was performed using a Taq polymerase, KOD plus, (Toyobo, Tokyo, Japan). The primers used are indicated in Table 1 (26) (27) (28) .
Statistical analysis
All results were expressed as mean ± SD. Statistical analysis of the data was performed using ANOVA. P < 0.05 was considered significant. 
Recording of supplemental movies
RESULTS
Induction of cardiomyocytes from Flk1 + cells on 2-D culture
Flk1 + cells were induced from ES cells and purified as we described before (14) . In brief, undifferentiated ES cells (E-cadherin + ) maintained on gelatin-coated dishes with leukemia inhibitory factor (LIF) were plated onto type IV collagen-coated dishes, and cultured with differentiation medium (see Materials and Methods) in the absence of LIF to induce differentiation. After 96 to 108 h of differentiation, induced Flk1
+ (E-cadherin -) cells were sorted and purified by FACS, and re-cultured ( Fig. 1 + cell culture (Flk-d4 or -d5; Fig. 1 ; Fig. 2A , and supplemental movie 1 online). The first appearance of beating cells in this method was at 8 or 9 days from the start of differentiation, resembling with previous studies of cardiomyocyte induction using the EB method (27, 29) . Although almost no beating colonies appeared from Flk1
-/E-cadherin + population until Flk-d6, beating colonies were observed in later days of culture (i.e., Flk-d8 or later). These findings indicate that, whereas Flk1 + mesoderm cells can differentiate into cardiomyocytes within 4 or 5 days, more immature cells (ex: E-cadherin + cells) required 8 days or longer to reach cardiomyocytes. Beating cell colonies then grew large and made some remodeling to show cavity-like or network-like structure formation during 1 or 2 weeks culture periods of Flk1 + cells (Fig. 2B , C, and supplemental movie 2, 3 online). Thus, cardiomyocyte induction on 2-D culture enables the direct observation of cardiomycyte differentiation and remodeling processes.
Purification of induced cardiomyocytes
To purify the induced cardiomyocytes, we generated ES cells that carry cardiac specific αMHC promoter-driven GFP gene (EMG7 cells; see Materials and Methods). When cardiomyocyte differentiation was induced, bright GFP positive beating cells were observed (Fig. 2D , and supplemental movie 4 online). GFP detection by fluorescent microscopy was at almost the same timing as the appearance of beating cells. At day 6 of Flk1 + cell culture (Flk-d6), cells were harvested and subjected to FACS analysis. Flk1 + cells gave rise to VE-cadherin + endothelial cells on OP9 (3-6% of total ES cell-derived cells), as previously reported (33) . Approximately 10-18% of ES-derived cells were GFP + cardiomyocytes (Fig. 2E) , which was more than 2-3 times higher in induction efficiency than that of the EB method (27, 34) . Purified GFP + cardiomyocytes could be re-cultured on type I collagen gel and could form synchronously contracting cell sheets in the absence of stroma cells (Fig. 2F , and supplemental movie 5 online).
Characterization of induced cardiomyocytes
Induced spontaneously beating colonies were positive for various cardiomyocyte markers (34) , such as cTnT, ventricular myosin, ANP, Nkx-2.5, GATA-4, and connexin43 ( Fig. 3A-F spontaneous beating at various rates (Fig. 3G) , as well as ventricular type cells lacking pacemaker potential that contracted only by electrical stimulation (Fig. 3H) . Double-immunostaining of cTnT and pacemaker cell marker, , demonstrated that HCN4 + pacemaker cells existed among cTnT + cardiomyocytes but not all cTnT + cells were HCN4 + (Fig. 3I-K) . Expression of connexin40, a marker for the cardiac conduction system (36), was similarly detected among cTnT + cells (Fig. 3L-N) . These results indicate that cardiomyocytes are induced from Flk1 + cells as a mixture of various cardiac cell types. Induction of specialized cardiac cell types, ventricular-like, atrial-like, sinus nodal-like, and Purkinje-like cells have previously been reported using the EB method (34) . The existence of pacemaker, ventricular, and conduction system cells in this 2-D culture may also be suggested by coordinated contraction with conduction delay among spontaneously beating colonies observed in supplemental movie 6 online.
Role of OP9 stroma cells in cardiomyocyte induction
Among several stroma cells that we tested, OP9 cells most efficiently induced beating cell colonies. PA6 (23) and ST2 (24) stroma cells showed the induction ability to a lesser extent (data not shown). When Flk1 + cells and OP9 cells were separately co-cultured by a 0.4 μm filter membrane avoiding direct contact of these cells, no spontaneously beating or cTnT + cells were observed (data not shown). Even when Flk1 + cells were cultured on paraformaldehyde (PFA)-fixed OP9 cells to examine the effect of stabilized cellular components of dead OP9 cells (37, 38) , a very small number of endothelial cells appeared but no cardiomyocytes were observed (Fig. 4A) . Addition of conditioned media of OP9 to PFA-fixed OP9 culture induced more endothelial cells but not cardiomyocytes (Fig. 4B) , indicating that direct contact with Flk1 + cells and viable OP9 are required for cardiomyocyte differentiation. To examine the involvement of cell fusion (39) between OP9 and Flk1 + cells in cardiomyocyte induction on OP9, OP9 cells were pre-stained with PKH-fluorescent dye (Fig. 4C) , and Flk1 + cells were plated on pre-stained OP9 cells. As shown in Fig. 4D , FACS analysis of cells at Flk-d6 revealed that OP9 and induced GFP + cardiomyocytes were largely mutually exclusive. Although it is difficult to completely exclude the existence of rare fusion events by this assay, the main mechanism of cardiomyocyte differentiation on OP9 is cell fusion-independent, and OP9 may play a role as the endoderm underlying cardiac mesoderm that is essential for cardiomyocyte differentiation in the embryo (16) .
Cardiomyocyte induction from a single progenitor cell
Next, we tried to induce cardiomyocytes from a single cell. Single Flk1 + cells plated onto OP9 cells successfully differentiated into cardiomyocytes. Double immunostaining with anti-CD31 and anti-cTnT antibody at Flk-d6 demonstrated that three types of colonies, endothelial cell only (EC), cardiomyocyte only (CC), and mixtures of both (Mix) appeared from single Flk1 + cells (Fig. 5 ). Most colonies were either EC (40%) or Mix (43%) colonies, and CC colonies (16%) were the minority (Table 2) . Some Flk1 + cells could form distinct structure of spontaneously beating colonies (Supplemental movie 7 online). These results indicate that cardiomyocytes can be induced from a single cell using this system, and Flk1 + cells possess the progenitor potential to give rise to cardiomyocytes as well as endothelial cells at the single cell level.
Prospective identification of cardiac progenitor cell populations
Next, we tried to trace the differentiation pathway of Flk1 + cells to cardiomyocytes and to identify cell populations bearing cardiac progenitor potentials. After 2 days culture of Flk1 + cells on OP9 (Flk-d2), we harvested and re-cultured the cells on OP9 after subdivision by FACS using various molecular markers (Fig. 1) . Reported cardiac stem or progenitor markers, c-kit (40) and sca-1 (41) , and mesenchymal stem cell markers such as CD44, CD90 (42) , and others were examined together with Flk1 (Fig. 6A ), but these markers failed to prescribe subpopulations from which cardiomyocytes were specifically induced. That is, no significant cardiomyocyte differentiation was observed from sca-1-or CD90-positive populations, and similar appearance of cardiomyocytes was observed between CD44-positive and negative populations. Although cardiomyocytes were induced mainly from c-kit
+ cells, both markers showed largely overlapped expression and were not able to restrict cardiogenic populations. Interestingly, cardiomyocytes appeared from CXCR4 (43), a 7-transmembrane spanning G protein-coupled receptor for chemokine CXCL12 (also known as SDF -1) + population that occupied only several percentages of total cells at Flk-d2 (Fig. 6A, B 
Cardiac progenitor potential at single cell level
We then examined the cardiac progenitor potential of FCV cells at the single cell level. Single FCV cells were plated onto OP9 cells and double immunostained with anti-CD31 and anti-cTnT antibody 4 days after differentiation (Fig. 1) . FCV cells showed more cardiac-specific differentiation potentials than Flk1 + cells. CC colonies became dominant (64%), and colonies including cardiomyocytes (Mix and CC colonies) reached 80% of total colonies (Mix 16%, EC 20%) ( 
Role of BMP and wnt signaling in cardiomyocyte induction
Cardiomyocytes arise from anterior lateral plate mesoderm by the inducing effect of underlying endoderm via some signaling molecules such as BMPs and Wnt inhibitors (16, 45) . Addition of a BMP inhibitor, noggin (300 ng/ml), to Flk1 + cell culture on OP9 strongly inhibited cardiomyocyte differentiation (Fig. 7A, B) . Cardiomyocyte population decreased to ~10% of control (Fig. 7G) . Surprisingly, FACS analysis for FCV cells demonstrated that noggin treatment resulted in almost a total disappearance of FCV cardiac progenitor population (Fig. 7H, I ). These results suggest that noggin suppressed cardiomyocyte differentiation by inhibiting the induction of cardiac progenitors from mesoderm cells.
On the other hand, Wnt inhibitors, Dkk-1 (0.1-1 ng/ml) and Frizzled-8/Fc chimera (200-500 ng/ml), induced ~1.5-fold increase of cardiomyocyte differentiation from Flk1 + cells (Fig. 7C, D,  G) . On the contrary, wnt3a (1.5-5 ng/mL) strongly suppressed cardiomyocyte induction from Flk1 + cells (Fig. 7E, G) . The inhibitory effect of wnt3a on cardiomyocyte induction was almost completely reversed by simultaneous administration of Dkk1 or Frizzled-8/Fc (Fig. 7F, G) . These results indicate that wnt signaling exerts an inhibitory effect on cardiomyocyte differentiation from Flk1 + mesoderm cells. FACS analysis at Flk-d2, however, showed that FCV cell number did not increase by Dkk-1 treatment (data not shown). When Flk1 + mesoderm cells were treated with Dkk-1 for 2 days and then FCV cells were deposited to single cell culture, Dkk-1-induced FCV cells gave rise to more CC colonies (83%) and fewer EC colonies (4.8%) than non-treated FCV cells (Table 2 ). These results suggest that inhibition of wnt signaling should endow cardiac cell fates to FCV cells to induce cardiomyocyte increment.
Cardiac progenitors in embryo
Finally, we confirmed the existence of cardiac progenitor cells in the embryo. E8.0-8.25 mouse embryos, in which spontaneous heart beating was not observed, were dissociated and subjected to FACS. (Fig. 8A) . When embryonic FCV cells were plated on OP9, beating cells started to appear a day after plating and the cell number increased in days 2-3 (supplemental movie 8 online). Immunostaining at differentiation day 4 on OP9 revealed that cardiomyocytes were enriched in FCV population (Fig.  8B) , indicating that FCV cells can define cardiac progenitors even in the embryo.
DISCUSSION
Here we have described a novel cardiomyocyte induction method that is amenable to trace differentiation process at the cellular level. Spontaneously beating cardiomyocytes were successfully induced from a single progenitor cell on 2-D condition with stroma cells in a cell fusion-independent manner. Though cardiomyocyte induction from ES cells on feeder cells or from somatic cells on 2-D culture has been reported (40, 41, 46, 47) , to our knowledge, this is the first report of beating cardiomyocyte induction in a single cell culture among any kinds of cell sources. This achievement enabled the prospective identification of cardiac progenitor potentials, which is impossible in the conventional EB method. Indeed, we identified a novel cardiac progenitor population, FCV cells. This system should be a potent tool for dissecting the mechanisms of cardiomyocyte differentiation from a new point of view.
In the embryo, cardiomyocytes are induced by the existence of underlying endoderm (45) . OP9 stroma cells have been reported to support hematopoietic stem cell maintenance and ES cell differentiation to various cell lineages such as mesodermal, hematopoietic, endothelial, and osteoblastic cells (25, 48) . In our culture system, OP9 cells may play a similar role as the endoderm in cardiomyocyte induction. This speculation is further supported by the fact that inhibitory and stimulatory roles of noggin and wnt inhibitors in cardiomyocyte differentiation in this system are similar to the coordinated effects of endoderm-derived BMPs and wnt inhibitors in embryonic cardiac differentiation (31, 45) . Although the molecular mechanisms of cardiomyocyte-inducing ability of OP9 should be further explored, this in vitro differentiation system succeeded in reproducing the embryonic cardiomyocyte differentiation process; pluripotent cells -> mesoderm cells -> cardiac progenitors -> cardiomyocytes.
The inhibitory effect of noggin on differentiation of cardiomyocytes and cardiac progenitor cells suggests the significance of BMPs in cardiomyocyte differentiation. Addition of BMP-2 or BMP-4 (100-200 ng/ml) to Flk1 + cells on OP9, however, reduced cardiomyocyte induction (data not shown). As mRNA expressions of BMP-4 and BMP receptor I and II were detected in OP9 cells (data not shown), this may be due to the fact that endogenous BMPs that existed in the culture may be sufficient for cardiac differentiation, and an excess of the signals may perturb the differentiation. Alternatively, the action of administered BMPs on OP9 cells may have an influence on the cardiomyocyte-inducing ability of OP9. The specific effects of BMPs on differentiating cardiac cells should be examined.
Anterior endoderm-derived wnt inhibitors are reported to possess an inducing role in the differentiation of overlying mesoderm cells to cardiomyocytes (16, 45) . Our results that wnt inhibitors augmented cardiomyocyte induction from Flk1 + cells are compatible with these previous reports. Nevertheless, administration of Dkk-1 to ES cells at earlier time points, such as 2 or 4 days before Flk-d0, strongly reduced Flk1 + cell induction that resulted in the decrease of cardiomyocyte appearance. On the other hand, administration of Dkk-1 at Flk-d2 or d3 still showed a tendency to augment the cardiomyocyte induction (data not shown). These results suggest that Dkk-1 is stimulatory on cardiomyocyte differentiation after mesoderm stage, but inhibitory on mesoderm induction at earlier differentiation stages. Wnt signal should exert distinct effects depending on the cell stages during differentiation.
Both of the progenitor markers Flk1 and CXCR4 were expressed in mesoderm and progenitor populations but lost in differentiated cardiomyocytes. This result is compatible with embryonic mRNA expressions of Flk1 and CXCR4. That is, Flk1 is expressed in proximal lateral plate mesoderm and the endocardial cells in the heart primordial, then the expression is maintained in endothelial cells but not in cardiomyocytes in later embryonic stage (11, 12) . CXCR4 is expressed in splanchnopleuric and somatopleuric mesoderm and mesenchymal cells but not in developing heart cells in E8.5 (49) . Addition of VEGF to Flk1 + cell culture on OP9 induced an increase in endothelial cells but decrease in cardiomyocytes (data not shown). Addition of CXCR4 ligand, SDF-1 (1 μg/ml), or a peptide analog of CXCR4 inhibitor, T140 (1 nM) (50) Recently, the existence of cardiogenic cells in adult tissues such as bone marrow and adult heart has been highlighted (4-8). Although we examined cardiogenic capacity of differentiating ES cell populations that expressed reported cardiac progenitor/stem cell markers, such as c-kit, sca-1, or others in the adult, these markers failed to determine the cardiac progenitor populations in the ES cell system. The origin and differentiation pathway of cardiomyocytes should be different between ES or embryonic cells and adult tissues. In vitro system to trace cardiomyocyte differentiation of somatic cells would be important for further dissection of cardiac regeneration process in adult.
Research for understanding the molecular mechanisms of cardiac development has been largely depending on knockout animal strategies. Although knockout studies are potent to identify an essential molecule in normal development, it is difficult to identify stem/progenitor cells and trace their differentiation process. In our ES cell system, it is possible to systematically induce cardiovascular cells from common progenitor cells (Flk1 + cells) and constructively reproduce their differentiation pathway to form the cardiovascular system. This novel approach opposed to knockout strategy would provide novel insights on developmental biology especially for cell differentiation. Recently, human ES cells have been established (51) . Extended application of our system to human ES cell study could be a unique method to investigate the cellular and molecular mechanisms of human cardiac development to which knockout animal approach will never be available. FCV) were cultured on OP9. Cells were double-immunostained with anti-CD31 and anti-cTnT antibodies at Flk-d6, and stained colonies were counted. Numbers and percentages of endothelial cells only (EC), cardiomyocytes only (CC), and mixtures of both (Mixed; Figure 5 
